The effect of cyclic loads on the surface profiles of ECC linings cast on foundations comprising crushed stone and compacted soil was investigated. A geotextile was embedded between the crushed stone and ECC lining for some of the samples. After 28 days of water curing, the hardened surfaces were loaded and monitored for roughness and crack development by measuring surface levels and crack widths, respectively. Neither cracking nor significant variations in the lateral profiles were observed on all the samples for all the loads applied. However, significant variations which depended on the foundation types were observed in the vertical profiles. It was concluded that while ECC can resist cracking due to its high strain capacity, its flexibility causes ECC linings to assume the shape of the foundation material, which can increase the surface roughness at certain loading configurations.
Introduction
An open channel is medium in which a liquid flows with a "free surface," which is defined as the interface between the moving liquid and an overlying fluid at a constant pressure [1] with water and air being the most common liquid and fluid, respectively. Both natural open channels such as rivers, streams, and rivulets or artificial ones such as irrigation canals and storm-water drains tend to have a wide variability in magnitude, shape, and roughness. However, since a free surface exists in the liquids flowing in all these channels, their flows are governed by the same laws of fluid mechanics [2] .
Essentially, all open channels have a bottom slope, and the prime motivating force for liquid flow is gravity. As such, the mechanism of the flow can be simulated to the movement of a mass body down a slope due to gravity. Basically, the component of the weight of the liquid along the slope acts as the driving force, while the boundary resistance at the perimeter of the channel acts a resisting force [3] . On the other hand, the component of the liquid perpendicular to the slope of the channel exerts a downward load on the surface of the channel, which is usually lined to enhance the stability and vitality the channel. Moreover, a subsurface drain may be inserted in the foundation of the open channel to separate groundwater from surface water and avoid the buildup of water pressure which can damage the channel lining [4] . Types of subsurface drains include porous concrete, crushed stone, and river gravel [5] . In line with Newton's laws of motion [6] , interactive loads are expected at the lining/subsurface drain interface. Essentially, it is desired that after the expiration of these loads, the surface of the open channel must remain stable, water tight, and smooth so as to continually satisfy the key performance requirements that govern supply, hydraulics, durability, and structural integrity [7] and ensure timely and adequate supply of liquids to intended destinations.
Basically, while the selection of a suitable lining material is governed by both structural integrity and economic viability, the interaction between the subsurface drain and lining in response to imposed loads needs to be fully understood to avoid durability and structural failures. Failures emanate from various causes which include uncertainties in loading, deficiencies in construction materials, inadequacies in design, and poor maintenance [8] and often culminate in high or infinite cost to economies and human life [9] due to abortion of crops and flooding among other problems. Despite efforts at design stage to account for all expected loads and predict material behavior, deviations are inevitable during the life time of the open channel. For instance, flooding, human traffic, or light machinery used for maintenance can impose extra loading. Moreover, loading may actually be cyclic in tandem with irrigation cycles or differential in response to differential settlements in expansive soil foundations. When the open channel is loaded, the point of contact of the load is the lining which transfers the load to the channel foundation through the subsurface drain. While the surface of a porous concrete subsurface drain is normally smooth, it is difficult to achieve smoothness on the surface of the crushed stone drain due to some protruding sharp edges of the stones. While the transferred load may be uniformly distributed, there may be upward reaction loads on the lining/subsurface drain interface. For instance, if the subsurface drain comprises crushed stone, the protruding sharp edges of the crushed stones become pin loads that exert isolated upwards forces onto the lining. Depending on the size of the crushed stone, magnitude, and frequency of imposed downwards load, cycles of the upward pin loads may eventually cause the lining material to deform in conformation with properties of the constituent lining material and configuration of the foundation. It is imperative that deformations minimize surface roughness of the lining surface since according to Manning or Chezy [10] , an increase in roughness causes a decrease in the velocity of water flowing across a surface. Defined as a measure of the texture of a surface, roughness is quantified by the vertical deviations of a real surface from its ideal form and determines the amount of frictional resistance a liquid experiences as it flows through a surface.
Previous researchers have elucidated that cyclic loading, deficiencies in the construction materials as well as instabilities in the foundation culminate in durability problems for linings [11] [12] [13] . For instance, while plain concrete is the most commonly used lining material owing to its low cost and easy handling [14] , the material has inherent deficiencies related to its material structure which diminish both its early age performance and long-term durability [15] . The brittleness of plain concrete causes it to respond to excessive stress by developing through cracks which are apt to expansion, allowing the ingress of aggressive agents which cause further deterioration of the open channel [16] . Moreover, the sections between the cracks are prone to both lateral and vertical displacement in response to consecutive loading or differential settlements in the foundation culminating in increases in the roughness of the open channel lining.
Efforts to address some of the shortcomings of concrete have led to the development of fiber-reinforced materials in recent years [17] . High performance fiber-reinforced cementitious composites (HPFRCC) such as engineered cementitious composites (ECC) exhibit excellent crack dispersion capacity and high ductility. With a strain capacity approximately 350 times that of normal concrete or other fiber-reinforced concrete, ECC can achieve maximum ductility in excess of 3% under uniaxial loading [17, 18] .
While concrete has been in use since the 19th century [19] , ECC was only developed in the 1990s [20] and hence research is still ongoing to validate wider applicability of the material. In view of the foregoing, this study sought to clarify the interaction of ECC linings under load with various foundation configurations.
Experimental Program
ECC-lining surfaces were monitored for variations in roughness and crack development. Three subsurface conditions were investigated, that is, compacted soil, crushed stone and crushed stone with a separator inserted between the ECC lining/crushed stone interface. The roughness of the lining and crack development were assessed by monitoring the levels on fixed nodes on each surface and the progression of crack widths, respectively. To simulate the fluctuations of actual loading during cycles of flow, the samples were subjected to cyclic loading.
2.1.
Materials. ECC premix powder was used for the lining material while sandy soil, 20 mm angular crushed stone and a geotextile separator were used for the foundation. The premix comprised cement, sand, fly ash and PVA fiber 12 mm in length, 0.04 mm in diameter, 1690 MPa in tensile strength and 40.600 MPa in modulus of elasticity. The proportions of the mix components are shown in Table 1 . An ECC paste was prepared by adding the premix ECC powder and water containing 3 admixtures, namely, type A (poly carboxylic acid-based superplasticizer), type B (CSA type antishrinkage agent), and type C (poly (ox) alkaline based-expansive agent for air content adjustment) to an electric mixer. The room temperature was kept at 20
• C throughout the mixing stage. The mixer was covered and run for 2 minutes soon after addition of water to avoid losses of the finer components of the mix. While the mixer was running, its cover was removed and mixing was continued until 10 minutes elapsed. The ECC paste was then transferred onto a tray and the homogeneity of the fresh mix was corroborated through hand mixing and any identified lumps discarded.
Testing
Procedure. Samples M1, M2, and S1 were prepared in 250 mm × 250 mm × 50 mm forms as detailed in Figure 1 . Each sample comprised 5 units detailed in Table 2 according to subjected loading. A 40 mm foundation was prepared on the base of each form. The crushed stone in samples M1 and M2 was vibrated for 2 minutes to eliminate voids, while the sandy soil in sample S1 was compacted to 90% standard compaction which is the minimum compaction recommended for open channel embankments [21] . The ECC paste was poured over the foundation to form a 10 mm thick lining. A 250 mm × 250 mm geotextile was embedded in between the crushed stone and lining in sample M2. The 250 mm × 250 mm dimensions were selected to fit the size of the head used for loading, while the 10 mm lining thickness corresponds to the minimum thickness of ECC that can be applied using direct spraying methods [22] . After pouring the ECC paste, the samples were then covered with cotton mats and cured by sprinkling water every day for a period of 28 days. After the curing period, a grid comprising 
50 mm × 50 mm units was drawn on the surface of each lining creating a total of 25 nodes. The vertical lines were labeled from left to right as A to E, while the horizontal lines were labeled from top to bottom as 1 to 5 as shown in Figure 2 . An automatic leveling device was used to measure the levels on each of the 25 nodes, while a crack viewing device was used to monitor surface cracks. Initial level and crack width readings were taken after which a 220 mm × 220 mm loading head was used to apply uniform stress onto the surface of the lining. Each sample was subjected to 4 loading cycles of stress values described in Table 2 . Level measurements were taken on the nodes after each loading cycle and the condition of the surface monitored for crack development. In order to avoid loss of water to the atmosphere and consequent shrinkage, the samples were kept covered with polythene sheets in an enclosed room throughout the study. In addition, to eliminate contraction and expansion of the samples due to thermal stresses, the room temperature was kept at 20
• C. The compressive and flexural strength of the ECC mix used in this study were determined by casting standard ECC prisms of dimensions 40 mm × 40 mm × 160 mm and water curing them at 20
• C for 28 days after which the strength tests were carried out. All compressive strength tests adhered to the ASTM C349-02 standard, while the flexural strength tests were carried out in accordance with the ASTM C348-02 standard.
Results and Discussion
The data from the line A3-E3 marked on Figure 2 was selected for analysis in this study since it is central and hence free from the influence of the edges. No cracks were observed on any of the samples after each loading cycle. From Newton's laws of motion, the upward reactionary load generated was equal and opposite the maximum applied load of 83 kPa shown in Table 2 . Therefore, since the first crack stress of ECC is 2.5 MPa [23] , the stress due to the pin loads was not sufficient to cause cracking. The surface profiles of the samples after each loading cycle are shown in Figures 3,  4 , and 5 which represent samples M1, M2 and S1 respectively.
In these figures, the initial profile and the profiles after the 1st, 2nd, 3rd, and 4th loading cycles are represented by graphs C-0, C-1, C-2, C-3, and C-4, respectively. These graphs show variations in the surface profile of the lining in both the lateral and vertical directions. A positive level represents a compaction from the original surface, while a negative level represents a protrusion. Basically, it can be seen that there was no variation in both the lateral and vertical surface profiles on samples M1-0, M2-0, and S1-0 throughout the experiment. This behavior was expected since these samples were not loaded. Moreover, these results indicate that influences due to temperature changes and loss of water to the atmosphere were effectively curtailed. From graph C-0 from each sample, it can be seen that the initial surface profiles of the linings were not totally level. While it was desirable to achieve a level surface at the casting stage of ECC [24] , the viscosity of ECC due to presence of PVA fibers [25] presented a challenge to achieving a smooth surface. The variations in the lateral and/or vertical surface profiles after each loading cycle are detailed below.
ECC Lining on Crushed Stone Foundation (Sample M1).
From the graphs for the lining cast directly on crushed stone, that is, samples M1-0 to M1-4, it can be seen that while there was no significant change in the lateral profile of an individual sample with each loading cycle, a systematic pattern in the vertical displacement of the linings was observed. The surface levels generally increase with increase in cycles. Since an increase in the reduced level value indicates a compaction, the results show that the lining/crushed stone unit compressed with each loading cycle. Characteristically, it is impossible to totally eliminate voids in uniform size crushed stone despite prior vibration. As a result, the repacking of the crushed stones into existing voids in response to the applied load resulting in the compaction. Even though the loading was in the vertical direction only, the lining was free to move laterally and curve upwards since it was floating in the form. However, the graphs show insignificant variations in the lateral profile. This means that even though the crushed stone foundation beneath the lining comprised loose stones, the lining/foundation unit actually displaced vertically as a single unit. It is thought that at casting stage, due to the capability of ECC to flow under its own weight and fill in the form work in a process termed "self-compactibility" [26] , the fresh ECC flowed and filled the voids within the crushed stone. Upon solidification, an ECC/crushed stone composite was created, which destroyed the ECC lining/crushed stone interface and rid the foundation surface of undulations due to the sharp edges of the stones. As a result, the scattered pin loads due to stone protrusions were eliminated and no upward reactionary pin loads and consequent undulations were generated in response to applied loading. Even though the compressive strength of the ECC used in this study was 32 kPa, the ECC lining withstood stresses of 62 kPa and 83 kPa since infusion of the crushed stone into the ECC paste created a composite with a higher compressive strength [23] . As a result, no signs of failure were observed on the surface of the lining even for the stresses beyond the compressive strength of ECC.
ECC Lining on Compacted Soil Foundation (Sample S1).
After the first loading cycle, the lateral profile of the ECC lining cast on compacted soil flattened out and maintained the same levelness with consecutive cycles. Unlike the ECC paste cast over crushed stone which flowed into the pores within the crushed stone and created an ECC/crushed stone composite, the ECC lining and compacted soil remained separate layers after solidifying. As a result, the lining could alter its lateral profile and flatten out in response to the first load. On the other hand, as in sample M1, a systematic pattern in the vertical displacement of the linings for sample S1 due to compaction of the surface was observed. However, the magnitude of the vertical displacements did not differ significantly from those of samples M1. Whilst sandy soil was expected to undergo higher compaction due to relatively lower densities to stone [27] , the initial application of 90% compaction level, and the presence of voids in the crushed stone moderated the compactibility of the 2 materials. The high compaction level applied to soil decreased its porosity.
In practice, such a configuration is not recommended since the material underlying the lining cannot drain away groundwater and will cause a buildup of ground water pressure and ultimate damage to the lining.
ECC Lining on Crushed Stone Foundation with Geotextile Separator (Sample M2).
The behavior of the lining cast on crushed stone with a geotextile separator embedded in between was similar to that of sample S1 for the lower loads of 21 kPa and 41 kPa, but the pattern significantly deviated for the higher loads. In this case, the geotextile separator attached itself to the ECC paste and acted as barrier which prevented the ECC paste from flowing into the crushed stone pores. Therefore, like in the sample S1, the ECC lining and the crushed stone foundation remained separate after solidifying. Consequently, the first loading cycles only flattened out samples M2-1 and M2-2, and the lateral profile levelness was maintained with consecutive loading cycles as in samples S1-1 and S1-2. Moreover, as in samples S2-1 and S2-2, the levels in samples M2-1 and M2-2 generally decreased after application of the first loading cycle. It is thought that since both samples M2 and samples S1 remained as separate layers after solidifying, the lining separated itself from the compacted soil as it flattened out resulting in a protruded surface and consequent decreased levels. However, a marked deviation in behavior from sample S1 was observed with application of the 62 kPa loading. The ECC lining in sample M2-3 responded by deforming into an undulating profile as shown in Figure 4 . Since the undulations match the surface profile of the crushed stone foundation, it is thought that the angular edges of the crushed stone exerted upward pin loads onto the geotextile attached to the ECC lining. Being flexible, the geotextile subsequently transferred the loads to the ECC lining resulting in the deformation. However, the deformations that occurred were within the elastic limits of the ECC such that total recovery occurred after each loading cycle [26] allowing recurrence of the undulations. This notion is further confirmed by the magnitude and wavelength of the undulating surface which remained almost constant for all the loading cycles. In practice, undulations increase the roughness of open channel linings. Increase in roughness is undesirable since it culminates in flow losses in accordance with the Manning's or Chezy's formulae [1] . The consequent decrease in the quantity and rate of water delivered to a desired point disrupts irrigation cycles and other water supply systems. However, since the crushed stone used in this study was only 20 mm, the amplitude of the undulations was restricted to less than 5 mm and may not significantly affect the roughness of the open channel lining. Nevertheless, it is likely that roughness will significantly Advances in Civil Engineering Advances in Civil Engineering increase if larger sizes of crushed stone are used in the subsurface drain with ECC as the open channel lining due to the high strain capacity and ductility of ECC [28] which gives the material flexibility to stretch to high magnitudes. Despite the occurrence of undulations on M2-3, no cracks were observed since the magnitude of the generated upward reactionary loads of 62 kPa was not high enough to cause cracking of sample M2-3. Moreover, it is believed that the geotextile that can also act as reinforcement absorbed some of the loads.
Finally, at applied loading of 83 kPa, which was much higher than the strength of the ECC, the lining lost its ductility and neither undulations nor lateral profile variations were observed on sample M2-4. Rather, the lining underwent increased compaction as the cycles increased due to repacking of the crushed stone as observed in samples M1 and S1.
Conclusions
(1) Cyclic loads affect the vertical profile of the ECC lining cast on both crushed stone and compacted soil by compacting the surface. The level of compaction depends on the compactibility of the foundation components.
(2) The effect of cyclic loads on the lateral profile of the ECC lining depends on the composition of the underlying subsurface drain. Cyclic loads do not affect the lateral profile of the ECC lining cast directly on a crushed stone drain. ECC paste can flow and solidify in the crushed stone voids, resulting in an ECC/crushed stone composite with a higher compressive strength than the originally designed ECC lining. However, the solidification clogs the voids in the crushed stone and diminishes its function as a drain culminating in damage to the lining due to a buildup of ground water pressure.
(3) The inclusion of a geotextile separator between the crushed stone subsurface drain and the ECC lining has a significant impact on the response of the ECC lining to cyclic loads. The geotextile effectively separates the subsurface drain from the lining and allows the lining to deform freely. By preventing the ECC paste from clogging the crushed stone pores and diminishing the capacity of the subsurface drain the geotextile prevents the buildup of ground water pressure. In addition, the geotextile also prevents the occurrence of cracks on the ECC lining by moderating the upward pin loads from the crushed stones in the foundation.
(4) Cyclic loads do not affect the lateral profile of the ECC lining cast on compacted soil foundation. The lining and the subsurface also remain as separate layers after solidification allowing it to displace freely. However, the absence of a freely draining material below the ECC lining will cause damage to the lining due to build up of ground water pressure.
(5) Whether it is used with or without a geotextile, the ductility of ECC enables it to respond to excessive loads by stretching-like metal rather than breakinglike concrete. Being flexible, ECC can assume the shape of the underlying foundation material and develop undulations. While undulations due to small sizes of crushed stone cannot significantly increase surface roughness of a water channel, larger undulations can cause significant increases which consequently increase Manning's roughness coefficient and decrease the velocity of flow across a surface. (6) The characteristic high strain capacity of ECC enables it to restrict the crack widths in linings to less than 0.1 mm and satisfy serviceability limits in water storage facilities where according to British Code BS 8007(1987) [10, 19] a maximum crack width of 0.2 mm is deemed necessary for maintaining water tightness.
